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Recombinant viruses are increasingly being reported but the dynamics of their emergence is rarely
documented. A new recombinant Tomato yellow leaf curl virus (TYLCV-IS76) was detected for the ﬁrst
time in 2010 in Southern Morocco (Souss). An original diagnostic tool was needed to ﬁt its unusual
recombination proﬁle. Although IS76 was detected following the appearance of Tylc symptoms on tol-
erant tomato plants, symptoms could not be associated to IS76 or to a synergy with criniviruses.
According to infection proﬁles of Tylc-associated viruses determined on 879 plant samples collected
between 1998 and 2014 and a Bayesian inference applied to genomic sequences of representatives of
TYLCV, IS76 emerged in Southern Morocco at the end of the 1990s, replaced the parental viruses
between 2004 and 2012 in Souss and is spreading towards the North of Morocco. The emergence of IS76
coincides with the increasing use of tolerant cultivars in the 2000s.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
The increasing number of sequenced viral genomes and the
availability of various softwares for detecting recombined sequences
has highlighted the importance of recombination in the evolution of
viruses (Lai, 1992; Padidam et al., 1999; Garcia-Arenal et al., 2001;
Martin et al., 2011a; Lefeuvre and Moriones, 2015). The monitoring of
recombinants in plants artiﬁcially infected with variants of a virus
species (Froissart et al., 2005), or with different related virus species
(Garcia-Andres et al., 2007b; Martin et al., 2011b; Urbino et al., 2013;
Tromas et al., 2014) has shown that some groups of viruses are more
prone to recombination than others. When plants co-infected with
representatives of two such recombination-prone viruses, some of the
recombinants generated increased in frequency in distinct plants,
strongly suggesting the occurrence of positive selection (Urbino et al.,
2013). Similarly, it can be assumed that the recombinant genomes forInternational de Baillarguet,
Peterschmitt).which sequences are available in GenBank database were derived
from recombinants that were ﬁt enough—and thus frequent enough—
to allow their sampling and isolation. However, despite the ever-
growing literature reporting genomes of recombinant nature, the
history of their emergence and their prevalence is rarely addressed.
Following their generation, the fate of new recombinants depends on
both ﬁtness and drift. Depending on these factors, the recombinant
may either disappear, coexist with the parental genomes or increase
in frequency and displace, partially or completely, the parental gen-
omes. In the case of Porcine reproductive and respiratory syndrome virus
(PRRSV), a highly pathogenic recombinant that emerged in 2009–
2010 has gradually replaced other circulating PRRSV populations in
China (Shi et al., 2013). Although recombination in PRRSV was not
uncommon, this latter report was the ﬁrst to evidence the epide-
miological and evolutionary signiﬁcance of a PRRSV recombinant.
Similarly, although the number of recombinant genomes identiﬁed in
the plant virus family Geminiviridae is constantly increasing, their
signiﬁcance and their emergence dynamics have been documented
only in some rare instances, often relying on a limited number of
samples and sampling times. For example, the emergence of the
recombinant Uganda strain 2 of the East African cassava mosaic virus
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sampled in 1995 in an area of Uganda where a severe epidemic of
cassava mosaic disease broke out in 1988, and 11 plants sampled
outside the epidemic area (Zhou et al., 1997); EACMV-Ug2 was later
conﬁrmed to be the most widespread cassava begomovirus in Uganda
(Pita et al., 2001). Likewise, according to 13 plants sampled in 2004–
2005, Cotton leaf curl Burewala virus (CLCuBuV)—a recombinant
begomovirus detected on cotton in Pakistan—was thought to have
potentially displaced its parental viruses in Punjab (Amrao et al.,
2010). The emergence of the recombinant Tomato yellow leaf curl
Malaga virus (TYLCMalV) was documented more accurately with a
larger sampling, several sampling times and a diagnostic tool that
could discriminate between recombinant and non-recombinant gen-
omes (Monci et al., 2002). TYLCMalV is a recombinant Tomato yellow
leaf curl begomoviruses derived from the indigenous Tomato yellow
leaf curl Sardinia virus (TYLCSV) and the invasive Mild (Mld) strain of
the Middle Eastern Tomato yellow leaf curl virus (TYLCV). TYLCMalV
was initially detected in tomato plants in 1998, one year after the ﬁrst
detection of the parent TYLCV-Mld in Spain (NavasCastillo et al., 1997).
Two years after its ﬁrst detection, the TYLCMalV-type recombinant
had displaced the parental viruses in bean in the Almeria Province,
with 76% of the monitored plants (64/84) being infected only with
TYLCMalV. In 2003, the recombinant was still detected in 86% of the
monitored plants (26/30) but the sequencing approach used could not
reveal if they were co-infected or not with parental viruses (Garcia-
Andres et al., 2007a). TYLCMalV was, however, less successful in
tomato, with only 2% of the monitored plants (2/94) being infected
with TYLCMalV only and 17% (16/94) exhibiting coinfection with
parental type viruses. The prevalence of the recombinant in tomato
samples collected in 2003 was 7% (3/45) (Garcia-Andres et al., 2007a).
Tomato yellow leaf curl Axarquia virus (TYLCAxV) is a second TYLCV/
TYLCSV recombinant detected in Spain (Garcia-Andres et al., 2006). It
was detected in 2000, the year of the ﬁrst detection in Spain of its
parent TYLCV-IL. TYLCAxV was detected in 10% of the monitored
tomato plants (7/73) in 2000 but was not detected between 1997 and
1999 in 750 tomato samples. Interestingly, both recombinants
exhibited an extended host range compared to the parents in con-
trolled conditions (Monci et al., 2002; Garcia-Andres et al., 2006).
However, without further reports, it is not known if their ﬁtness was
high enough to ensure their persistence in the environment and
possibly displace the parental viruses in the long term. Relevant data
are available from Italy where the same types of recombinants were
tested yearly from ﬁeld samples (Davino et al., 2012). As in Spain,
TYLCSV is indigenous in Italy and the recombinant TYLCAxV was
detected the year of ﬁrst detection of the invasive TYLCV parent, i.e.
2002. TYLCV/TYLCSV recombinants were subsequently detected from
2006 to 2009 but always in coinfection with the parental viruses.
Most importantly, the recombination proﬁles of these recombinants
were highly diverse and no dominant recombinant was identiﬁed.
Unlike the recombinant A strain of Maize streak virus, which was
detected in all severely affected maize throughout the African con-
tinent (Harkins et al., 2009), none of the TYLCV–TYLCSV recombinants
detected so far has replaced the parental viruses in any region. Here,
we report for the ﬁrst time a recombinant between TYLCV and
TYLCSV (IS76) that has emerged and completely displaced the par-
ental viruses in Souss, an important tomato-producing region in
Southern Morocco. Due to its unusual recombination proﬁle, an ori-
ginal multiplex PCR test had to be designed to distinguish parental
and recombinant genomes and monitor the dynamics of its emer-
gence with 879 plants sampled between 1998 and 2014. The follow-
ing outbreak scenario of IS76 was inferred from the infection proﬁles
of these plants and a Bayesian analysis applied to genomic sequences
of representatives of TYLCV and the recombinant IS76: the recombi-
nation event leading to IS76 most probably occurred in the late 1990s
in Southern Morocco. Although the frequency of IS76 was relatively
low before 2004, it increased subsequently, leading to completedisplacement of parental viruses in 2012 in the Souss and, during the
same period, spread out northwards to non-Souss regions up to the
Mediterranean coast. IS76 remained dominant in the Souss until the
last sampling in 2014. Possible reasons underlying the unexpected
displacement of the parental viruses are discussed.2. Materials and methods
2.1. Plant material
Leaf samples were collected from tomato plants between 2008 and
2014: 751 fromMorocco, 10 from Spain and 9 from Italy (Tables 1, S1–
S4, S6–S8). Some of these plants exhibited conspicuous tomato yellow
leaf curl (Tylc) symptoms and others did not. Susceptible and tolerant
cultivars were sampled. Old leaf samples collected on 46 tomato
plants between 1998 and 2003 in Morocco were also included in the
study (Tables 1, S9). Some of these samples were reported previously
(Peterschmitt et al., 1999; Tahiri et al., 2006). Leaf samples were also
collected from bean plants in 2012 and 2013 (41) and fromweeds and
ornamental plants in 2013 (41) (Tables 1, S5). Some of the bean plants
exhibited leaf curl symptoms. Leaf samples were generally collected
fromyoung leaves fromwhich small fragments were cut out and dried
in tubes containing calcium chloride.
2.2. DNA extraction
For each plant sample, total DNA was extracted from 20 mg
CaCl2-dried tissues. Leaf tissue was ground to a ﬁne powder in a
sterile tube using a pestle and homogenized in 500 ml of extraction
buffer containing 100 mM Tris–HCl (pH 8), 1.4 M NaCl, 55 mM
CTAB, 7.5 mM PVP40, 25 mM EDTA and 63 mM Na2SO3. The tubes
were incubated for 30 min at 65 °C in a water bath during which
they were inverted gently three or four times and ﬁnally cen-
trifuged for 15 min at 15,900g. The supernatant (450 ml) was
transferred to a new tube and 450 ml of chloroform:isoamylalcool
(24:1) was added. The mixture was stirred at room temperature
for 5 min, and centrifuged for 10 min at 18,400g. Nucleic acid was
precipitated from the aqueous phase (350 ml) with 350 ml of
absolute isopropanol and centrifugation for 15 min at 18,400g. The
pellet was washed with 70% ethanol and redissolved in 50 ml of TE
buffer containing 1 mM EDTA and 10 mM Tris–HCl.
2.3. Multiplex PCR tests designed to identify begomoviruses inducing
Tylc symptoms in tomato
Various PCR or RFLP tests have been used previously to identify
the recombinant TYLCV/TYLCSV genomes reported from Spain and
Italy (Monci et al., 2002; Garcia-Andres et al., 2006, 2007b; Davino
et al., 2008, 2012). Unfortunately, the non-canonical TYLCV/
TYLCSV recombinant reported in this study (IS76) would not be
detected as a recombinant with these reported tests because of the
reduced size of the TYLCSV inherited fragment (76nts); IS76 would
instead be misidentiﬁed as a non-recombinant TYLCV. Another
limitation of the Davino assay is that it does not distinguish
between the two major strains of TYLCV, namely “IL” and “Mld”
(Antignus and Cohen, 1994), although both strains were reported
to naturally recombine with TYLCSV (Monci et al., 2002; Garcia-
Andres et al., 2006). To compensate for these limitations, a new
test was designed that not only identiﬁes IS76 as a recombinant
but also distinguishes both TYLCV strains and their recombinants.
The rationale for designing the new test was the same as pre-
viously (Davino et al., 2008): since the intergenic region (IR) is a
recombination hot-spot in begomoviruses (Lefeuvre et al., 2007)
and since all the TYLCV/TYLCSV recombinants identiﬁed so far
exhibited a recombination breakpoint in the IR (Monci et al., 2002;
Table 1
Description of the 898 plant samples analyzed.
Country Region Locality Date (number of sam-
pled ﬁelds or
greenhouses)
Species Cultivar Tolerance to Tylc-
associated viruses
Symptoms Number of
samples
Morocco South Souss 1999 (na) Tomato na na Tylc 4
no 4
2001 (na) Tomato na na na 3
2002 (na) Tomato Tyara, Tymar Tolerant Tylc 4
Gabriella, Daniella Susceptible Tylc 6
na na Tylc 2
2003 (na) Tomato Katya Tolerant Tylc 1
Pepper na na Tylc 1
Nov. 2010 (na) Tomato Pristyla Tolerant Tylc 4
no 1
Feb. 2012 (1) Bean Hilda na Tylc 6
Mar. 2012 (1) Bean Estefania na Tylc 5
Nov. 2012 (11) Tomato Pristyla Tolerant Tylc 112
Dec. 2012 (3) Tomato Pristyla Tolerant Tylc 30
May 2013 (17) Tomato Pristyla, Retyna, SV784TH
Twarga
Tolerant Tylc 55
no 80
Brenda, Calvi, 27014 Susceptible Tylc 45
no 30
Bean Estefania, Fascine na Tylc 10
no 20
Weed species S. nigrum, M. palviﬂora, P.
oleracea, C. album, S. oler-
aceus, C. segetum, unknwon
species
na no 38
Ornamental
plants
Cotton, Geranium na no 3
Jan. 2014 (6) Tomato Pristyla, Breeding lines Tolerant Tylc 43
no 29
Calvi, Breeding lines Susceptible Tylc 10
June 2014 (3) Tomato Pristyla Tolerant Tylc 15
TICV/ToCV 15
no 30
Marrakesh 2003 (2) Tomato na na na 2
North Taza 2003 (1) Tomato na na Tylc 3
Sept. 2011 (1) Tomato Saint pierre Susceptible Tylc 26
Taourirt 2003 (1) Tomato na na Tylc 7
Fez Dec. 2012 (1) Tomato Koleos, Alemandra Tolerant Tylc 2
West El Jadida 2003 (2) Tomato Daniella Susceptible na 1
na na na 1
July 2013 (6) Tomato Assala and others Tolerant Tylc 28
no 50
Daniella Susceptible Tylc 6
no 10
Dec. 2013 (7) Tomato Assala, Dynamite and others Tolerant Tylc 9
no 30
Daniella or Gabriella Susceptible Tylc 5
no 10
Casablanca 1998 (na) Tomato na na Tylc 3
na 4
East Oujda 2008 (na) Tomato na na na 15
Mediterranean
coast
Nador 2008 (na) Tomato na na na 15
Feb. 2014 (5) Tomato Shery Susceptible Tylc 6
no 11
1075, Ministre, Sineaceal,
Coktail
na Tylc 14
no 20
Spain – Almeria Dec. 2013 Tomato Breeding lines na Tylc 5
no 5
Italy – Sicile 2013 Tomato Breeding lines Tolerant Tylc 7
no 2
na, not available; no, no symptoms.
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thus considered as the region in which most TYLCV/TYLCSV
recombinants can be detected. Moreover, Garcia-Andres et al.
(2007b) showed for one representative of each of the various types
of recombinants they detected that the breakpoints were always
located in the stem-loop containing the origin of replication (OR).
Therefore, to detect most of the recombinants, including those
with short recombinant fragments like IS76, the primers were
located as close as possible to the OR locus. Primers ﬂanking theOR (one located within the TYLCSV-inherited region of IS76 and
one the other side of the OR) were placed so that the ampliﬁcation
products would be easily detectable on agarose gels, i.e. in the
200- to 600-bp size range.
To distinguish between the six potential parental and recom-
binant allele types at locus OR, two multiplex PCR assays were
used (Fig. 1A). The ﬁve primers for multiplex PCR-1 (MxPCR1)
were designed to identify the parental allele type TYLCSV (Sar),
and the recombinant allele types TYLCV-IL/TYLCSV (IL/Sar) and
Fig. 1. Primer positions and ampliﬁcation products of PCR tests focused on loci OR and 76. Primers complementary to the TYLCV and TYLCSV genomes are in red and blue,
respectively. Ampliﬁcation products generated with parental and recombinant viruses used as controls were resolved on 1.5% agarose gels. The viral DNAs used as positive
and negative controls are indicated at the top of the lanes. (A) Products generated at locus OR were obtained with multiplex PCR1 (MxPCR1) and multiplex PCR 2 (MxPCR2).
The reverse primer of MxPCR1 was Sar-43R and that of MxPCR2 was TY-78R; the forward primers were the same for both MxPCR (Table 2). The controls were: TYLCV-IL (IL),
TYLCV-Mld (Mld), TYLCSV (Sar), recombinant IL/Sar, recombinant Mld/Sar; recombinant TYLCSV/TYLCV (Sar/Ty); non-inoculated tomato plants (No inoc.). (B) Products
generated at locus 76 were obtained with the forward primer Sar-19F and the reverse primers Sar-209R or Ty-282R (Table 2). Controls were: IL, Mld, Sar, IL/Sar and Sar/Ty.
“M1” corresponds to the DNA Smart ladder SF-MW-1800-04 (Eurogentec, Belgium) and the white stars indicate the 500 bp fragment. “M2” corresponds to the DNA Smart
ladder SF-MW-1800-02 (Eurogentec) and the red star indicates the 400 bp fragment. # Non-loaded wells.
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multiplex PCR-2 (MxPCR2) were designed to identify the parental
allele types TYLCV-IL (IL) and TYLCV-Mld (Mld) and the recom-
binant allele type TYLCSV/TYLCV (Sar/Ty) (Table 2); “Ty” stands for
both TYLCV-IL and TYLCV-Mld inherited fragments on the virion-
sense gene side of the OR, a region in which they are highly similar
and where primer TY-78R is complementary to both strains.
The two multiplex PCR tests differed in their reverse primers
but the four forward primers were identical. The primers were
designed as follows. The forward TYLCV-IL speciﬁc primer (IL-
2629F, Table 2) was designed according to all TYLCV-IL members
for which full-length genome sequences were available inGenBank database when the test was designed (May 2012), with
the exception of 10 geographically remote members isolated from
Asia and Oceania and the oldest TYLCV clone, which was isolated
more than 20 years ago (Table S12). These latter sequences were
excluded from the alignment to limit primer degeneracy. Thus, the
IL-2629F primer was designed according to the genomes of 44
TYLCV-IL members and also to the two IS76 clones (G8, G12)
isolated from the November 2010 sampling (LN812978, LN831187)
(Table S12). Likewise, the TYLCV-Mld forward speciﬁc primer
(Mld-2277F, Table 2) was designed according to all TYLCV-Mld
members, with the exception of 6 isolates from Japan (Table S12).
Primers were thus designed according to the genomes of 12
Table 2
Description of PCR primers and primer products.
Name of PCR test
Primer name
Sequence Targeted region (genomic
coordinates*)
Alleles detected at locus OR and
76
Size of expected
product
MxPCR1 at locus OR
Sar-43R 50-TGCGTAGGDCCYACTWCTTTATCGG-30 IR (43–19a) – –
IL-2629F 50-GGTGTCCCTCAAAGCTCTAWG-30 IR (2629–2649b) Recombinant TYLCV-IL/TYLCSV 187 bp
Mld-2277F 50-CTSWCCCCARTCGABGGTG-30 C4 (2277–2295c) Recombinant TYLCV-Mild/
TYLCSV
548 bp
dTYS-2416(1)F 50-CCCTCGAACTGAATGAGCATG-30 C4 (2416–2436a) Parental TYLCSV 405 bp
dTYS-2416(2)F 50-CCYTCGAAYTGSATGAGAAYA -30 C4 (2416–2436a) Parental TYLCSV 405 bp
MxPCR2 at locus OR
Ty-78R 50-GCAATTTGATTGGTTGAYAGTSACR-30 IR (78–54b) – –
IL-2629F 50-GGTGTCCCTCAAAGCTCTAWG-30 IR (2629–2649b) Parental TYLCV-IL 230 bp
Mld-2277F 50-CTSWCCCCARTCGABGGTG-30 C4 (2277–2295c) Parental TYLCV-Mild 592 bp
dTYS-2416(1)F 50-CCCTCGAACTGAATGAGCATG-30 C4 (2416–2436a) Recombinant TYLCSV/TYLCV 440 bp
dTYS-2416(2)F 50-CCYTCGAAYTGSATGAGAAYA -30 C4 (2416–2436a) Recombinant TYLCSV/TYLCV 440 bp
PCR at locus 76
Sar19F 50-CCGATAAAGWAGTRGGHCCTACGCA-30 IR (19–43a) – –
Ty282R 50-CACGKGCYCTTACAACRGATATA-30 V2 (304–282b) Recombinant TYLCSV/TYLCV 287 bp
Sar209R 50-AGCATRCAWCGGAGACCATG -30 V2 (200–181c) Parental TYLCSV 190 bp
Generic Tylc-associated virus PCR
TYLC-2352F 50-GTTYGGATGGAAATGTGYTG-30 C4 (2352–2371b) – 813pb
TYLC-384R 50-GGGCTGTCGAAGTTCAG-30 V1/V2 (384–368b) –
TYLCV-Mld full length genome ampliﬁcation
FW146þ 50-GGGATCCTTTATTAAATGAATTTCC -30 V2 (146–170a) – 2.7 kb
R153 50-AGGATCCCACATATTGATGG-30 V2/IR (153–134a) –
* Nucleotide coordinates of the primers referred to the genomes of:
a TYLCSV [Morocco: 2012](Genbank accession number LN846598)
b TYLCV-Il [RE4: 2004] (Genbank accession number AM409201)
c TYLCV-Mld [ES01/99] (Genbank accession number AJ519441)
d Two primers designed to address the broad genome diversity of TYLCSV members.
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100% complementary to the 44 TYLCV-IL mentioned above and to
the 12 non-Japanese TYLCV-Mld, except TYLCV-Gezira (Table S12).
The TYLCSV-speciﬁc primers [Sar-43R, TYS-2416(1)F, TYS-2416
(2)F] were designed according to all nine TYLCSV members for
which full-length genome sequences were available in GenBank
database in May 2012, two TYLCSV clones isolated from the East of
Morocco and sequenced in this study (Table S12, LN846596,
LN846597) and two IS76 clones (LN812978, LN831187) (Table S12).
The genome diversity of the representatives of TYLCSV was so high
that two TYS-2416 forward primers had to be designed (Table 2,
Table S12).
The two multiplex PCR assays were conducted using a Multi-
plex PCR Kit (QIAGEN, Courtaboeuf, France) according to the
manufacturer’s instructions, with 0.5 μL of DNA extract in a ﬁnal
volume of 10 mL.
2.4. PCR test targeting the typical recombination breakpoint of the
recombinant IS76
The plants which were positive for the detection of the IL/Sar type
allele at locus OR were further tested for the presence of IS76-type
recombinants. A PCR test was designed around the nucleotide posi-
tions of the other recombination breakpoint of IS76 (locus 76) with
the primer pair Sar19F, TY282R (Table 2, Fig. 1B); the allele exhibited
by IS76 at locus 76 is the allele type TYLCSV/TYLCV (Sar/Ty). The
Sar19F primer is 100% complementary to the primer Sar43R described
above (Table 2). The primer TY282R was designed to be 100% com-
plementary to the sequences of IS76-G8, IS76-G12, and the 56 clones
of TYLCV that were used above to design the PCR primers at locus OR
(Table S12). Samples which were positive at locus OR but negative at
locus 76 were expected to contain recombinants for which the
TYLCSV inherited fragment is extending beyond the target sequence
of primer TY282R. To positively detect the Sar allele expected at locus
76 for these non-IS76 recombinants, we designed the TYLCSV com-
plementary PCR primer Sar209R, which was used with Sar19F(Table 2, Fig. 1B). The primer Sar209R was 100% complementary to all
the 11 TYLCSV genomes that were available in May 2012 (Table S12).
PCR ampliﬁcation with primer pairs Sar19F/TY282R or Sar19F/
Sar209R (Table 2) was performed in a ﬁnal volume of 12.5 μL con-
taining 0.5 μL of DNA extract. The ampliﬁcation mix with the primer
pair Sar19F/TY282R contained 1.0 mM MgCl2, 0.1 mM of each dNTP,
0.1 μM of each primer, and 0.625 U of a Hot-Start polymerase (Pro-
mega, France). Ampliﬁcation consisted of a denaturation step at 95 °C
for 5 min followed by 30 cycles of 45 s at 95 °C, 45 s at 60 °C, 45 s at
72 °C, and a ﬁnal extension step of 10 min at 72 °C. The ampliﬁcation
conditions with the primer pair Sar19F/Sar209R were the same as
above except that the ampliﬁcation mix contained 2.0 mM MgCl2,
0.2 mM of each primer and the annealing temperature was 54 °C. The
ampliﬁcation product generated with primer pair Sar19F/TY282R was
sequenced with a non-degenerate form of primer TY282R that was
100% complementary to the cloned IS76 recombinants.2.5. Generic PCR test for the detection of TYLCV and TYLCSV
As the whole known diversity of TYLCV genomes could not be
addressed when designing the primers expected to detect most
potential recombinants at locus OR, we designed a pair of generic
primers which are 100% identical (TYLC-2352F) or complementary
(TYLC-384R) to all the TYLCV and TYLCSV sequences available in
May 2012 (Table 2). This test was used when plants exhibiting Tylc
symptoms reacted negatively to both multiplex PCR tests. PCR was
performed in a ﬁnal volume of 25 μL containing 1 μL of DNA
extract, 2.0 mM MgCl2, 0.1 mM of each dNTP, 0.2 μM of each pri-
mer and 0.6 U of a Hot-Start polymerase (Promega, France). The
ampliﬁcation consisted of a denaturation step at 95 °C for 5 min
followed by 30 cycles of 45 s at 95 °C, 45 s at 50 °C, 45 s at 72 °C,
and a ﬁnal extension step of 10 min at 72 °C. The ampliﬁcation
products were sequenced with primer TYLC-384R.
Fig. 2. Comparison of the genome sequence of the recombinant Tomato yellow leaf curl virus (TYLCV) IS76 (clone G8, LN812978) with that of representatives of the parental
TYLCV-IL (clone 6-1 from a tomato sample collected in Agadir in 2002, LN846617) and Tomato yellow leaf curl Sardinia virus (a TYLCSV clone isolated by others in Agadir in
2002, AY702650); these two representatives of the parental species were selected because their genomes exhibited the highest nucleotide identity with the cognate
sequences of the IS76 recombinants. (A) Similarity plot generated in SimPlot 3.5.1 (Lole et al., 1999) using IS76 as query sequence and the sequences of the two parental
clones: TYLCV-IL in red and TYLCSV in blue. The similarity score (in %) was calculated within a 60-nucleotide window moved along the alignment. Intergenic region (IR) and
the virion (V) and complementary sense (C) open reading frames (ORFs) are presented. (B) Organization of the recombinant genome showing the positions of the two IS76
recombination breakpoints, the IR and the ORFs; the TYLCV-IL-derived part of the genome is in red and the TYLCSV part in blue. (C) Alignment of the genomes of TYLCV,
TYLCSV and IS76 in the region containing the two recombination breakpoints of IS76.
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Positive controls for all the six OR allele types potentially
detectable with MxPCR1 and MxPCR2 were prepared. For the
parental type alleles, the controls consisted of total DNA extracted
from leaf samples collected on tomato plants (cultivar Monalbo,
INRA) infected with the following agroinfectious clones: clone
TYLCV-IL [RE4] isolated from a tomato plant collected in 2004 in
Reunion (AM409201), clone TYLCV-Mld [RE] (AJ865337) isolated
from a tomato plant collected in 2002 in Reunion (Delatte et al.,
2005), and clone TYLCSV[Agadir] prepared in this study from a
tomato plant collected in 2012 in Souss (clone 5a, LN846598, Table
S1, S11); BamHI was used as a cloning site for this TYLCSV genome.
The positive control for the recombinant IL/Sar type allele at locus
OR was prepared with tomato plants agroinfected with clones G8
or G12 of the recombinant TYLCV-IS76 (Table S11). The positive
control for the type Mld/Sar allele consisted of total DNA extracts
of two common bean samples that were positive only for the Mld/
Sar allele (Table S5). The genome of one viral clone isolated from
each plant was sequenced (LN846611 and LN846612) and the two
clones were identiﬁed as Mld/Sar recombinants: they exhibited
98.6% nucleotide identity with the sequence of a representative ofTYLCMalV (AF271234) (Monci et al., 2002). Positive controls for
the Sar/Ty allele were obtained with two tomato plants co-
agroinfected with TYLCSV[Agadir] and TYLCV-IL[RE4]; the expec-
ted size products (440 bp) for the Sar/Ty allele generated with
MxPCR2 was conﬁrmed to be derived from a Sar/Ty recombinant
by sequencing with primer TYS2416(1)F (Table 2). The negative
control consisted of non-inoculated tomato plants of the cultivar
Monalbo.
2.7. Cloning, sequencing and construction of agroinfectious clones
For cloning purposes, total plant DNA was extracted with a
DNeasy Plant Mini kit (Qiagen, Courtaboeuf, France) and tested by
PCR for begomovirus DNA with primers TY1 and TY2, designed
previously to detect viruses causing Tomato yellow leaf curl dis-
ease in Europe (Accotto et al., 2000). Circular DNA molecules were
ampliﬁed using a TempliPhi Ampliﬁcation kit (GE Healthcare, UK)
according to the manufacturer's instructions, and digested with
restriction enzymes, SalI and BamHI which were expected to have
a unique restriction site per genome according to full length
genomes of viruses inducing Tylc symptoms, hereafter referred to
as Tylc-associated viruses. The restricted fragments were ligated
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(Stratagene, La Jolla, California, USA) and ligation products were
introduced into the bacterial strain Escherichia coli DH5alpha. The
cloned fragments were sequenced with primers T3, T7 and with
insert-speciﬁc primers (Beckman Coulter Genomics). Tandem
repeats of full length viral genomes were inserted into the binary
vector pCAMBIA 2300 (Cambia). The recombinant dimer con-
struction was isolated from E. coli and introduced into Agro-
bacterium tumefaciens (strain C58) via electroporation. Tomato
plants of the cultivar Monalbo, susceptible to Tylc-associated
viruses, were agroinoculated as reported previously (Urbino
et al., 2013).
2.8. RNA extraction and detection of tomato criniviruses by RT-PCR
Leaves were collected from the youngest parts of the plants and
preserved at about 4 °C before use. For each leaf sample, total RNAwas
extracted from 10mg tissue using a modiﬁed version of a reported
procedure (Hughes and Galau, 1988). Leaf tissues were ground in
500 mL of extraction buffer containing 200 mM Tris–HCl (pH 8.5), 1.5%
SDS, 300 mM LiCl, 10 mM EDTA, 1% sodium deoxycholate, 1% NP-40,
0.5% mercaptoethanol; mortars and pestles previously sterilized at
200 °C for at least 2 h and cooled at 4 °C were used. The extracts were
transferred to a sterile tube and incubated at 65 °C for 15 min in a
water bath. Samples were transferred to wet ice and an equal volume
of 5 M potassium acetate (pH 6.5) was added. After 10 min incubation
on ice, the extracts were centrifuged for 15 min at 18,400g. Nucleic
acids were precipitated from the supernatant (600 mL) with 600 mL
absolute isopropanol, an overnight incubation at 20 °C, and cen-
trifugation for 15 min at 18,400g. The pellets were washed with 70%
ethanol and redissolved in 10 ml of nuclease free water. Tomato
chlorosis virus (ToCV) and Tomato infectious chlorosis virus (TICV) were
detected by RT-PCR ampliﬁcation targeted to the HSP70 gene (Jac-
quemond 2009); the expected cDNA products were 439 and 468 nts
in length for ToCV and TICV, respectively. The SuperScripts III Plati-
nums One-Step Quantitative RT-PCR System with ROX was used
(Invitrogen, Brazil) according to the manufacturer's instructions. For
each ampliﬁcation, 2 μL of 1/10 diluted RNA extract was used in a ﬁnal
volume of 10.2 mL. Positive controls for TICV and ToCV were kindly
supplied by Eric Verdin (INRA, Avignon, France) as total RNA extracts
of plants infected with these criniviruses.
2.9. Dating the ancestral IS76 recombinant
The approximate date of the recombination event leading to the
IS76 recombinant was estimated using the Bayesian Markov Chain
Monte Carlo (MCMC) method implemented in BEAST version 1.8.1
(Drummond et al., 2012). Recombination has obviously occurred
between the time to the most recent common ancestor (TMRCA) of
the IS76 representatives and the TMRCA of the parental genomes of
IS76 and the most closely related Tylc-associated viruses. As IS76 is
composed of a large TYLCV-derived genomic region of 2697 nts and a
very short TYLCSV-derived region of 76 nts, the analysis was per-
formed on the TYLCV-IL derived region only.
As recombination may bias the estimation of evolutionary rates,
we ﬁrst looked for recombination signals in the sequence dataset.
Recombinant sequences were detected with RDP v. 4 (Martin et al.,
2010) using the RDP, GENECONV, BootScan, MaxChi, Chimaera, SiSCan
and 3-Seq programs. The analysis was performed with default settings
for the different detectionmethods and a Bonferroni corrected P-value
cut-off of 0.01. Only events detected by at least 2 methods were
considered as credible events. We also used the Phi-test of recombi-
nation implemented in the SplitsTree4 program (Bruen et al., 2006;
Huson and Bryant, 2006).
We thus selected a temporally structured dataset spanning 27
years free of detectable recombination consisting of the genomesequences of 14 IS76 representatives and of 56 TYLCV repre-
sentatives either obtained during this study (5) or retrieved from
GenBank database (51) (Table S10). The 14 clones of IS76 recom-
binants were isolated from 11 plant samples collected between
2010 and 2014 in eight Moroccan farms, ﬁve in the South (Souss),
one farm from the West (El-Jadida) and two from the Mediterra-
nean coast (Nador) (Table S11). The G8, G12 and G2-6 genomes
were cloned with the SalI restriction site and the other genomes
with SacI—another unique restriction site of the IS76 recombinant.
All the sequences were trimmed to focus on the TYLCV derived
region of IS76 and were mostly 2694-nt long. For each of the 70
TYLCV sequences, the year and month of collection were known or
retrieved from GenBank database or from previous publications
(Table S10). When the month of collection was not available, we
arbitrary set the date of collection to the middle of the year (June).
The best ﬁt model of nucleotide substitution was selected using
the jModelTest 2.0 program (Darriba et al., 2012) available on the
Cipres portal (http://www.phylo.org/sub_sections/portal/) (Miller
et al., 2010) from the alignment of all 70 TYLCV sequences. The
TN93þG (4 categories) þ I model was found to describe the sub-
stitution pattern best based on the Bayesian informative criterion
(BIC) score. Several molecular clocks (strict, relaxed uncorrelated
exponential distribution and relaxed uncorrelated lognormal dis-
tribution) and demographic models (constant population size,
Bayesian skyline plot and GMRF Bayesian Skyride) were used as
coalescent priors.
The TYLCV substitution rate was estimated using the Bayesian
MCMC method implemented in the BEAST software package. We
used an informative prior based on the results of previous studies
(Duffy and Holmes, 2008; Lefeuvre et al., 2010).
Two independent runs were performed for each molecular
clockdemographic model modality (9 modalities) with 50 mil-
lion steps in the Markov chain and sampling every 5000 steps to
produce a posterior distribution tree of 10,000 genealogies. The
convergence of the parameters to a stationary distribution was
veriﬁed for each individual run using Tracer (http://beast.bio.ed.ac.
uk/Tracer) by manual inspection of parameter estimate traces and
veriﬁcation of suitable effective sample sizes (ESS well above 200)
for the parameter estimates. When good convergence was veriﬁed,
the Log and tree ﬁles of the two runs were combined using Log-
Combiner v. 1.8 available within the BEAST package.
The best-ﬁtting models were determined by comparing the
marginal likelihoods estimated with the path-sampling and
stepping-stone sampling methods implemented in BEAST (Baele
and Lemey, 2013). Two independent marginal likelihood calcula-
tions (2108 MCMC iterations each) were run to verify appro-
priate convergence and to increase the accuracy of the estimation.
The marginal likelihood of each model was then estimated by
combining the two output ﬁles.
When needed, dated maximum clade credibility (MMC) trees
were constructed using treeAnnotator (available in the BEAST
package) and edited using FigTree v.1.4 (available at http://tree.bio.
ed.ac.uk/software/ﬁgtree).3. Results
3.1. Identiﬁcation of IS76, a non-canonical TYLCV-IL/TYLCSV recom-
binant genome
In 2010, in the region of Agadir (Souss) in Morocco, unexpected
Tylc symptoms were detected on the tomato cultivar Pristyla (Gautier
Semences)—a cultivar selected for tolerance to TYLCV. Pristyla con-
tains the major TYLCV tolerance gene Ty-1, which was reported to
impair systemic infection by TYLCV, reduce virus accumulation and
prevent the expression of typical Tylc symptoms (Michelson et al.,
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Pristyla plants (Table 1) from the Souss region tested PCR-positive for
a begomovirus infection using the primer pair TY1/TY2 (Accotto et al.,
2000); a symptomless plant sampled in parallel as a control tested
negative. Circular DNA molecules were ampliﬁed by rolling circle
ampliﬁcation using Phi29 DNA polymerase (TempliPhiTM, GE
Healthcare, USA), from the DNA extract of one of the PCR-positive
samples. The SalI digestion of the ampliﬁcation product generated a
DNA fragment of 2.7 kb, a size corresponding to full length begomo-
virus genomes. Four SalI restricted fragments were cloned (G8, G12,
G17, G19) and sequenced. The sequence of clones G8 and G19 were
100% identical to each other (LN812978). Likewise, the sequence of
clones G12 and G17 were 100% identical to each other (LN831187) but
differ by one mutation from clones G8 and G19.
Alignment with sequences of tomato-infecting begomoviruses
of the Mediterranean countries revealed that the cloned fragments
were composed of a large region inherited from a representative of
TYLCV-IL and a small region inherited from a TYLCSV repre-
sentative (Fig. 2). Interestingly, the TYLCV inherited fragment
exhibited the highest nucleotide identity with a TYLCV clone iso-
lated from a tomato plant sampled in Agadir in 2002 (LN846617,
Table S11): 99.2% with G8 or G12. Likewise, the TYLCSV inherited
fragment exhibited the highest nucleotide identity (98.4%) with a
TYLCSV clone isolated from a plant sample collected in Agadir in
2002 (AY702650). One recombination break was detected within
the highly conserved stem-loop containing the OR, and one within
a region of six non-discriminating nts between positions 74 and 79
(Fig. 2); nucleotide position numbers are according to the genome
of members of TYLCSV, position 1 being the ﬁrst nucleotide (A) at
the OR. The recombinant was named IS76, in which “I” stands for
the IL strain of TYLCV, “S” for TYLCSV and “76” for one of the two
median positions of the 74–79 breakpoint position range arbi-
trarily selected for naming the recombinant (Fig. 2C). The fact that
four viral clones isolated from the same plant were 100% identical
except for a single nucleotide mutation, suggested that the bego-
movirus population isolated from this plant was composed mainly
of recombinant IS76 and possibly without parental genomes. A
second plant among the 4 plants sampled in 2010 was analyzed
and found to be infected with the IS76 type recombinant according
to partial sequences (results not shown). Thus, it seems that IS76
was already moving from plant to plant. To conﬁrm that IS76 was
already circulating in the environment and may be detected
within plants without potential parental genomes, a test was
designed to routinely determine the Tylc-associated virus infec-
tion status of individual plants in the agroecosystem of the Souss
region and more generally in Morocco.Fig. 3. Map of Morocco showing the sites in which leaf tissues were collected. An enlarg
and 2014 except SoOub, SoEa and SoL for which the locations were not reported.3.2. Validation of discriminating PCR tests targeting loci OR and 76
The two multiplex PCR tests MxPCR1 and MxPCR2 (Fig. 1A)
were designed to distinguish six allele types at locus OR which
comprise the three allele types of the parental viruses TYLCV-IL,
TYLCV-Mld and TYLCSV and the three allele types of recombi-
nants, TYLCV-IL/TYLCSV, TYLCV-Mld/TYLCSV and TYLCSV/TYLCV.
Samples infected each with one of these targeted viruses were
used as positive controls. An ampliﬁcation product of the expected
size (Table 2) was speciﬁcally detected for each positive control
and no ampliﬁcation products were detected with a DNA extract of
a non-inoculated tomato plant or when the DNA extract was
replaced with sterile water (Fig. 1A).
The PCR test targeting locus 76 was designed to speciﬁcally
detect the recombinant allele type Sar/Ty, typical of IS76. Using the
primer pair Sar19F/TY282R, the expected size product was
detected with tomato plants agroinfected with the G8 or G12
clone of IS76 but not with the parental viral genomes used as
controls: TYLCV-IL, TYLCV-Mld and TYLCSV (Fig. 1B). Using the
primer pair Sar19F/Sar209R, the expected size product was
detected with TYLCSV but not with IS76, TYLCV-IL, and TYLCV-
Mld.
3.3. Tylc-associated virus infection proﬁle of symptomatic plants of
the tolerant cultivar Pristyla in the Souss region of Morocco
The unexpected Tylc symptoms observed on the tolerant
tomato cultivar Pristyla since 2010 in the Souss were thought to be
associated with a new Tylc-associated virus variant. As the par-
tially and complete sequenced genomes isolated from two symp-
tomatic Pristyla plants all bore the recombination breakpoints of
IS76, and none of them exhibited the non-recombinant parental
sequence, IS76 was thought to be an emerging Tylc-associated
virus variant in cultivar Pristyla with tolerance-breaking potential.
Thus, we ﬁrst tested for the presence of the IS76 recombinant in
Pristyla plants exhibiting conspicuous Tylc symptoms. Among the
142 plants sampled from 14 farms distributed across the tomato-
growing area of the Souss (Fig. 3), 120 tested positive only for
TYLCV-IL/TYLCSV recombinants (detection of IL/Sar allele at locus
OR; Tables 3 and S1) and two were positive for both IL/Sar and the
parental allele Sar. Among the 122 plants infected with IL/Sar
recombinants, 91 were positive for the Sar/Ty recombinant allele
at locus 76, indicating that they were infected with an IS76-type
recombinant (Table 3, Fig. 4A). The possibility of a co-infection
with IL/Sar recombinants that would not be of the IS76 type was
tested on 24 of these 91 IS76-positive plants, selected randomly
from 12 farms (Table S1); the test consisted of detection of a Sarement of the Souss region shows the location of the farms surveyed between 2012
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the majority were infected only with IS76-type recombinants. The
exact location of the non-OR recombination break of the IS76 type
recombinant was determined by sequencing the ampliﬁcation
products generated with 14 samples of the 91 IS76-positive plants
(Table 3), selected randomly from 11 farms (Table S1). In all of
them, the recombination breakpoint was identiﬁed within the
same location as that of the four cloned full-length IS76 genomes,
i.e. within the 74–79 breakpoint position range. Moreover, as 5 of
those 14 sequences were obtained from a larger ampliﬁcation
product generated with the Tylc-associated virus generic primers,
the location of the so-called OR recombination break was con-
ﬁrmed to be within the OR-bearing stem-loop. The electro-
phoregrams generated by the sequencer did not exhibit any dou-
ble peaks, which was consistent with the dominance of the
recombinant genome detected.
Unexpectedly, 31 of the 122 plants that were positive for an IL/
Sar allele at locus OR, tested negative at locus 76 for both alleleTable 3
Infection proﬁle of Tylc-associated viruses in 142 tomato plants of the cultivar
Pristyla sampled in November/December 2012 in 14 farms distributed across the
tomato growing area of the Souss (Table S1). The samples were collected on plants
exhibiting Tylc symptoms. The infection proﬁle was determined by the detection of
parental and recombinant alleles at locus OR with the multiplex PCR tests MxPCR1
and 2. The samples tested at locus 76 were only those that tested positive for the IL/
Sar allele at locus OR. The infection proﬁle of some samples was conﬁrmed with
Tylc-associated virus generic primers. Some alleles were further characterized by
sequencing. IL, TYLCV-IL; Mld, TYLCV-Mld; Sar, TYLCSV; Ty, TYLCV-IL or TYLCV-
Mld.
Number of
samples/alle-
lic proﬁle
Locus OR alleles Locus 76 alleles Generic pri-
mers (number
of samples
tested)
Mld, IL,
Sar/Ty,
Mld/Sar
Sar IL/Sar Sar/Ty Sar/Sar (num-
ber of sam-
ples tested)
2 –  þ þ þ(2)
87 –  þ þa (22) þ(5)b
2 – þ þ þ
30 –  þ   (4)
1 –  þ   þb
20 –   
a The Sar/Ty allele was sequenced from 9 randomly selected plants sampled in
9 distinct farms.
b The ampliﬁcation product was sequenced from 6 plants sampled in
6 distinct farms.
Fig. 4. Infection proﬁles of Tylc-associated virus infected plants collected in Novembe
percentage of plants that tested positive for each of the six alleles of locus OR and for th
and recombinant OR allele Sar/Ty was negative for all plants. The percentages are relati
histogram; the number of plants analyzed in each group is given below the histogram
symptomatic plants () of various tolerant and susceptible tomato cultivars were analytypes, Sar/IL and Sar (Tables 3 and S1). Five of these 31 samples
were further tested with the generic PCR primers (Table 2) and
1 tested positive (Tables 3 and S1). The sequence of the expected
813-bp ampliﬁcation product revealed the two typical IS76
breakpoints and a 100% complementarity with the primers used to
amplify locus 76 PCR. The unexpected negative result at locus 76
may be explained by a trade-off between speciﬁcity and sensitiv-
ity. Indeed, due to the limited possibilities for designing speciﬁc
primers in the short TYLCSV-inherited region of IS76 (57 nts), the
required speciﬁcity of the test could be reached only with highly
stringent PCR conditions, which in turn limited its sensitivity. The
20 plants that were found to be PCR-negative for all the assays,
including the PCR test with the generic primers, may correspond
to true virus-negative plants for which symptoms were merely
misidentiﬁed on this tolerant cultivar.
To summarize, the infection proﬁle of the symptomatic plants
of the tolerant cultivar Pristyla sampled in November and
December 2012 in the Souss agroecosystem exhibited three major
features: (i) dominance of IL/Sar recombinants, (ii) rareness of
parental genomes, and (iii) a high proportion of IS76 type
recombinants (Table 3, Fig. 4A). Compared to other countries
where Tylc-associated virus recombinants have never been
reported as having replaced parental viruses (Monci et al., 2002;
Davino et al., 2012), such an infection proﬁle was unexpected and
raised the questions of its possible association to a particular
tomato cultivar and its involvement in Tylc symptom expression.
3.4. Dominance of Il/Sar recombinants and rareness of parental
viruses in the Souss agroecosystem
To test whether the unexpected infection proﬁle is somehow
speciﬁc to symptom expression or to particular host genotypes,
100 symptomatic plants and 110 non-symptomatic plant samples
were collected in May 2013 from 12 farms, representing three
susceptible and four tolerant cultivars of tomato (Tables 1 and S2–
S4). For each cultivar, we determined the frequency of recombi-
nant and parental allele at locus OR, and the presence of IS76
recombinants by the detection of the Sar/Ty allele at locus 76
(Fig. 4B, Tables S2–S4).
A total of 112 tomato samples collected in May 2013 tested
positive with the multiplex PCR tests at locus OR. All of them were
positive for an IL/Sar recombinant and four were also positive for
the parental allele Sar (Fig. 4B). Moreover, at least 50% of the IL/Sarr–December 2012 (A) or in May 2013 (B). Infection proﬁles are expressed as the
e recombinant Sar/Ty allele of locus 76; detection of parental OR alleles IL and Mld,
ve to the number of PCR-positive plants indicated for each group at the top of the
. Plants were collected from tomato, bean and weeds. Symptomatic (þ) and non-
zed. Eleven of the 41 bean plants were collected in 2012.
Table 4
Infection proﬁle of leaf samples collected in June 2014 on tomato plants (cultivar
Pristyla) exhibiting Tylc symptoms (15 plants), crinivirus-type yellowing symptoms
(15 plants) or no symptoms (30 plants).
Allele Symptoms (number of PCR-positive plants)
Tylc (15) ToC/TIC (2) No sympt (24)
TICV 0 0 0
ToCV 0 2 (100%) 11 (46%)
ToCVþOR: IL/Sar 9 (60%) 0 9 (37%)
ToCVþ OR: IL/Sar, IL 0 0 1 (4%)
OR: IL/Sar 6 (40%) 0 3 (13%)
OR: Sar, Mld/Sar, Sar/IL 0 0 0
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allele-type at locus 76. Thus, the peculiar infection proﬁle detected
in symptomatic Pristyla plants was not speciﬁc to this cultivar
(Fig. 4A, B). There was no consistent difference between the
infection proﬁles of symptomatic and non-symptomatic plants.
The rare parental Sar allele was detected only in tolerant cultivars
and the percentage of plants that tested positive for IS76 type
recombinants was generally higher in the tolerant cultivars.
The tomato infection proﬁles were compared to non-tomato
infection proﬁles. A total of 38 weed samples were collected in
three farms in May 2013 (Table S5). The ﬁve samples that tested
positive for Tylc-associated viruses were all positive for IL/Sar
recombinants and one of them was also positive for an IS76-type
recombinant (Fig. 4B). Infection proﬁles were also determined for
bean samples collected in three farms in 2012 and 2013. A total of
11 bean plants tested positive with the multiplex PCR tests at locus
OR. As in tomato, parental alleles were apparently rare because
none were detected in bean. However, unlike the recombinants
detected in tomato, which were derived only from the IL strain of
TYLCV (IL/Sar), two types of recombinants were detected in bean:
IL/Sar and Mld/Sar. Most of the infected plants were infected with
Mld/Sar recombinants and two of them were also infected with IL/
Sar recombinants. Among the four plants infected with IL/Sar
recombinants, three were positive for IS76 type recombinants.
These results showed that the rareness of parental genomes was
speciﬁc neither to the infection proﬁle of the Pristyla cultivar nor to
the infection proﬁle of any other genotype or even species. Neither is
it responsible, at least on its own, for symptom expression in tolerant
cultivars. Instead, it seems to be a general feature of Tylc-associated
virus populations at the agroecosystem level of Souss, which were
thus dominated by recombinant viruses. Most of the plants that tested
positive at locus ORwere also positive for IS76-type recombinants (79/
112). According to sequencing of the Sar/Ty allele ampliﬁed at locus 76
from 14 randomly selected plants of different cultivars and species,
and from 10 different farms (Tables S2–S5), the breakpoint was typical
of the cloned IS76 recombinant. Moreover, according to 15 randomly
selected plants of different cultivars and species (8 farms) that tested
positive for IL/Sar recombinants (Tables S2–S5), the detection of non-
IS76 type recombinants was negative; there was no detection of a Sar
allele at locus 76 for these samples. Taken together, the results suggest
that IS76-type recombinants were the dominant recombinants in the
Tylc-associated virus population of Souss in May 2013.
3.5. Tylc symptoms are not due to a potential synergy between
TYLCV recombinants and ToCV
As the IS76 recombinant was initially detected in symptomatic
tolerant tomato plants sampled in November 2010 (see above), it was
thought that IS76 is a tolerance-breaking Tylc-associated virus. How-
ever as symptomatic and non-symptomatic tomato plants of tolerant
cultivars were all infected with IL/Sar recombinants, and particularly
IS76-type recombinants (Fig. 4), it was suggested that IL/Sar recom-
binants were responsible for Tylc symptoms but only through a
synergistic interaction with another stress, either biotic or abiotic. As
closteroviruses were reported to have synergistic interactions with
viruses belonging to other families (Karyeija et al., 2000; Garcia-Cano
et al., 2006) and, as relatively high incidences of these viruses were
reported from Mediterranean countries (Orfanidou et al., 2014), we
tested if IL/Sar-infected plants exhibiting Tylc symptoms might be co-
infected with ToCV or TICV, whereas non-symptomatic ones might be
infected by IL/Sar recombinants alone. Thus, in June 2014, leaf samples
were collected from 45 tomato plants of the tolerant cultivar Pristyla,
15 with Tylc symptoms and 30 without symptoms (Tables 1 and S6).
As a possible crinivirus control for the RT-PCR test, samples were
collected also from 15 plants exhibiting yellowing symptoms suppo-
sedly infected with criniviruses. The infection proﬁle of Tylc-associated viruses was tested on total DNA extracts with the multi-
plex PCR tests targeting the locus OR, whereas that of criniviruses
were tested with RT-PCR on total RNA extracts obtained in parallel
from the same leaf samples.
The 15 plants bearing Tylc symptoms were all positive for an IL/
Sar allele at locus OR but negative for any other targeted OR allele
(Tables 4 and S6). Nine plants were also positive for ToCV detec-
tion. Among the 15 plants bearing yellowing symptoms, two were
positive for ToCV detection and the other plants were negative in
all the PCR tests. Among the 30 symptomless plants, three were
positive for IL/Sar recombinants, 11 were positive for ToCV and 10
were infected simultaneously with IL/Sar recombinants and ToCV.
The infection status of the tolerant tomato plants exhibiting
Tylc symptoms was not consistent with the supposed synergistic
interaction between TYLCV recombinants and criniviruses because
40% of them were positive only for IL/Sar recombinants. The
synergistic interaction hypothesis was also not conﬁrmed by the
infection status of the non-symptomatic plants because 42% of
them were positive for both virus species. Furthermore, these
results further support the dominance of TYLCV/TYLCSV recom-
binants in the Souss because all the Tylc-associated virus infected
plants were positive for the IL/Sar allele and only one of them was
simultaneously positive for a parental IL allele at locus OR
(Table 4).
3.6. The sustained dominance of IL/Sar recombinants over two suc-
cessive tomato seasons
To test if the typical features of the Tylc-associated virus popula-
tion of Souss were maintained between two successive tomato crops,
the infection proﬁles of tomato plants sampled in January 2014 were
determined (Fig. 5, Tables 1 and S7) and compared to those of tomato
plants sampled in May 2013 (Fig. 4). None of the tomato plants
sampled in January 2014 from six different farms was positive for
parental alleles at locus OR. Thus, all 39 tomato plants that were
positive with the multiplex PCR tests at locus OR were positive for the
recombinant IL/Sar allele and most of them also tested positive for
IS76-type recombinants (Fig. 5). Three full-length Tylc-associated virus
genomes were cloned from three PCR-positive plants sampled in two
farms (Table S7), and their complete sequencing revealed the typical
IS76 recombination proﬁle. Moreover, according to ﬁve randomly
selected plants from four different farms (Table S7), no non-IS76 type
recombinants were detected (Sar allele not detected at locus 76). The
results reveal the sustained settlement of the IL/Sar recombinants in
the Souss between 2013 and 2014 (Figs. 4 and 5) and further conﬁrm
that IS76 is the dominant recombinant type.
3.7. Detection of the IS76-type recombinant outside the Souss
According to plant samples collected during the years 2012–
2014, the Tylc-associated virus population of Souss is dominated
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type, with parental viruses being extremely rare. To ﬁnd out
whether the peculiar infection proﬁle of tomato plants in the
Souss is detected elsewhere, the infection proﬁles of 257 tomato
plants collected between 2008 and 2014 in four non-Souss regions
of Morocco (Tables 1 and S8) were determined. In all four regions,
the infection proﬁles were strikingly different from that in Souss
because parental viruses were detected easily, and in most of the
samples were the dominant Tylc-associated virus type (Fig. 6A,
Table S8). TYLCV-IL was detected from all regions except the North
(Taza, Fes), TYLCSV was detected only in the North, and TYLCV-
Mld only in the West and from a single plant only.
Although the frequency of recombinant viruses was much
lower than in Souss, IL/Sar recombinants were detected from all
regions except the East (Oujda), where only parental TYLCV-IL was
detected in the unique 2008 sampling. Interestingly, recombinant
IL/Sar alleles were also not detected from the 2008 sampling onFig. 5. Infection proﬁles of Tylc-associated virus-infected tomato plants collected in
January 2014. Histogram description as in Fig. 4. Detection of parental OR alleles IL,
Mld, and Sar and the recombinant OR alleles Mld/Sar and Sar/Ty was negative for
all plants.
Fig. 6. Infection proﬁles of Tylc-associated virus infected tomato plants collected betwe
Histogram description as in Fig. 4. Detection of the recombinant Sar/Ty allele at locus Othe Mediterranean coast (Nador) whereas they were found in all
later samplings of non-Souss regions (Fig. 6A). The highest fre-
quency of IL/Sar alleles was detected in the latest sampling, which
was taken in 2014 on the Mediterranean coast. The Mld/Sar type
recombinant was detected only in the West and from a single
plant only. According to the Western samplings (El-Jadida region),
which included tolerant and susceptible cultivars, the infection
proﬁles were not strikingly different between the two types of
cultivars. The presence of Tylc symptoms on tolerant plants could
not be correlated to a particular infection status. Interestingly,
seven symptomatic tomato plants collected on various tolerant
cultivars in El-Jadida tested positive for the parental IL-type allele
only (Table S8).
As in Souss, most of the plants infected with IL/Sar recombinants
were also positive for the Sar/Ty allele at locus 76. However, more
than one-half of the recombinant infected plants were also positive for
the Sar allele at locus 76, indicating mixed infections with non-IS76-
type recombinants. Thus, the infection proﬁle of non-Souss tomato
plants infected with IL/Sar recombinants was strikingly different from
that of Souss plants, in which only 2 of the 96 plants randomly
selected for testing the presence of non-IS76 type recombinants, were
positive (Tables S1–S7).
The recombinant allele ampliﬁed at locus 76 was sequenced for
seven randomly selected plants: three from the North (September
2011 and December 2012), two from the West (July and December
2013) and two of the Mediterranean region (February 2014) (Table
S8). Interestingly, all of them exhibited the typical IS76 recombi-
nation breakpoint.
As IS76 was detected in non-Souss regions of Morocco, it could not
be excluded that this recombinant may also be present in other
Mediterranean countries to which it may have spread from Morocco
or in which it may have emerged independently. A very preliminary
test was performed with ten tomato samples from Spain and nine
from Italy (Tables 1 and S8). The Spanish samples were positive only
for the parental IL allele at locus OR whereas four different OR alleles
were detected in the Italian samples: the parental IL and Mld alleles
and the corresponding recombinant alleles IL/Sar and Mld/Sar
(Fig. 6B). The infection proﬁles of the nine Italian samples were all
different, with nine distinct combinations of loci OR and 76 alleles
(Table S8). The IL/Sar allele was the OR allele most frequently detected
(8/9), and ﬁve plants were positive for IS76-type recombinants.
However, according to the sequences of four of them, theen 2008 and 2014 in non-Souss regions of Morocco (A) and in Italy and Spain (B).
R was negative for all plants.
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iminating nucleotide range, and not within the typical 74–79 break-
point position range of the IS76 recombinant.
To summarize, the IS76 recombinant was detected only in
Morocco and its frequency was the highest in the Souss. Although
parental alleles were detected only rarely in the Souss—only seven
plants among the 317 Tylc-associated virus positive plants—it was
expected that they were formerly present but were displaced by
IS76. To conﬁrm this hypothesis, we determined the infection
proﬁles of old tomato samples collected in Morocco between 1998
and 2003.
3.8. The IS76-type recombinant was not detected in plant samples
collected before 2004
Tomato samples collected in Morocco between 1998 and 2003
(25 from Souss and 21 from non-Souss Northern and Western
regions; Tables 1 and S9) were tested at loci OR and 76. All tested
samples were PCR-positive for at least one targeted allele and
seven of them—three from Souss and four from non-Souss regions
—were positive for the recombinant IL/Sar type allele at locus OR
(Fig. 7). However, the IS76 type recombinant was not detected
based on locus 76, with only the Sar allele being detected in all
seven samples (Fig. 7).
The old samples also differed from the more recent ones (2008–
2014) in their infection proﬁles of parental viruses. Indeed, whereas
the detected parental alleles were relatively balanced in the old
samples—17 Sar, 33 Mld and 38 IL at locus OR (Fig. 7, Table S9)—their
frequency in recent samples were unbalanced with, for example, only
a single Tylc-associated virus-infected plant testing positive for the
parental Mld allele among the 412 Tylc-associated virus-infected
tomato plants sampled between 2008 and 2014. The infection proﬁle
of the old samples was conducive to recombination because 33 of the
46 PCR-positive samples exhibited multiple infections. However,
although 13 plants were positive for both parental Sar- and Mld-type
alleles (Table S9), none of the recombinants detected in the old
samples was of the Mld/Sar type. Interestingly, the seven samples that
were positive for the detection of recombinant IL/Sar type alleles were
all positive for the parental IL and Mld type allele as well but negative
for the parental Sar-type.
To summarize, Tylc virus populations detected in samples
collected before 2004 comprised a high frequency of parental
viruses and a relatively low frequency of recombinant viruses and,
most importantly, IS76 was not detected (Fig. 8). Thus, theFig. 7. Infection proﬁles of Tylc-associated virus-infected tomato plants collected in
Morocco between 1998 and 2003. Histogram description as in Fig. 4. Detection of
the recombinant Mld/Sar and Sar/Ty alleles at locus OR and the recombinant Sar/Ty
allele at locus 76 was negative for all plants.displacement of parental viruses by IS76 in the Souss most prob-
ably occurred after 2003. However, it cannot be excluded that
IS76-type recombinants were already present at a low incidence
before 2003 and possibly in non-tomato plants. The date of the
initial emergence of IS76 was thus further assessed with a mole-
cular Bayesian approach.
3.9. Dating the ancestral IS76 recombinant
Comparing the marginal likelihoods by the stepping-stone and
path sampling methods indicated that the uncorrelated log-
normal molecular clock and the BSP population model ﬁt the
selected dataset better than any of the eight other models tested
(Table S13). The mean substitution rate estimated with this model
was 3.01104 subs/site/year [95% highest probability density
(HPD) ranging from 2.08104 to 3.94104], which is con-
sistent with the previously full genome substitution estimates for
this virus; 2.44104 subs/site/year in (Duffy and Holmes, 2008)
and 4.5104 subs/site/year in (Lefeuvre et al., 2010).
The maximum clade credibility (MCC) tree constructed with the
selected sequence dataset (2694-nt fragment inherited from the
TYLCV-IL parent) revealed that all IS76 recombinant sequences clus-
tered within a highly supported single clade (Fig. 9). Interestingly, the
twoTYLCV clones 11 and 322 (LN846613, LN846614), isolated from El-
Jadida in 2013, clustered within this IS76 clade, suggesting that they
were generated by a back recombination to a TYLCV parental type
sequence. Consistently, these two clones formed a distinct group in
the phylogenetic tree reconstructed by Maximum likelihood using the
whole genome sequences of 17 TYLCV-IL and 14 IS76 clones (Sup-
plemental Figure S1). The recombinant status of clones 11 and 322
was conﬁrmed by the Phi-test of recombination available in the
SplitsTree4 program (P¼0.0352) using the whole genome sequence
dataset from which IS76 sequences were ﬁrst removed.
In the MCC tree, the closest non-recombined TYLCV sequence
to the IS76 clade corresponded to clone 6-1 (LN846617) obtained
from an isolate collected in 2002 in the Souss, which strongly
supports the hypothesis of a Moroccan origin of IS76 recombi-
nants. Moreover, the fact that the sequence of the Souss clone 6-1
and the sequences of all the IS76 recombinants formed a clade that
is signiﬁcantly distinguished from the sequences of the TYLCV-IL
clones obtained from isolates collected in Western (El Jadida) and
Mediterranean (Nador, Berkane) Morocco, suggested that IS76 has
a Souss origin. The IS76 recombinants detected outside Souss are
thus thought to have spread outside Souss.
The age of the most recent ancestor of all IS76 Moroccan recom-
binants (node N2) was estimated to be 15.2 years (95% HPD 9.8–22.1
years) whereas the one of the closest non-recombined ancestor (node
N1) was 20.1 years (95% HPD 14.4–28 years) (Fig. 9). The recombi-
nation event leading to the IS76 recombinants was thus estimated to
have occurred between 1994 and 1999 (95% HPD 1986–2004). Such
an estimation is compatible with the ﬁrst observations of TYLCV and
TYLCSV occurrences in Morocco at the end of the 1990s (Peterschmitt
et al., 1999; Monci et al., 2000; Tahiri et al., 2006) and with the fact
that IS76 recombinants were not detected in samples collected
before 2004.4. Discussion
4.1. IS76: a non-canonical TYLCV recombinant
Representatives of the two Mediterranean Tylc-associated
viruses, TYLCV and TYLCSV, were previously reported from Mor-
occo (Peterschmitt et al., 1999; Monci et al., 2000; Tahiri et al.,
2006) but no study had so far focused on the detection of potential
TYLCV/TYLCSV recombinants. As expected from results obtained in
Fig. 8. Comparison of the diversity of Tylc-associated viruses between plant samples collected in Souss or non Souss regions and during two distinct sampling periods, 1998-
2003 or 2010-2014. The ﬁgure is a summary of the data presented in Figs 4 to 7 and Table 3. The percentages of plants detected PCR-positive for the presence of locus OR
alleles are indicated for the four groups of plants; in each group of plants, the percentages are relative to the total number of plants which were positive for at least one allele
(indicated at the top of each histogram). For each allele the number of PCR-positive plants is indicated at the top of the corresponding bar. The recombinant Mld/Sar allele
was detected only in the 2010-2014 samples and the recombinant Sar/Ty allele was never detected. The plants detected positive for the presence of the IL/Sar allele at locus
OR were also tested for the presence of the Sar/Ty allele of locus 76; the number of PCR positive plants are indicated in white.
Fig. 9. Maximum clade credibility tree reconstructed from the selected TYLCV-IL and IS76 2694-nucleotide sequences dataset. Each taxon is named according to the
GenBank accession number of its sequence except the taxa identiﬁed in this study, which are named with their isolate codes (Table S12). The time-scale of evolutionary
changes represented in the tree is indicated by the scale bar below [in months from the most recent isolate collection (2014/02)] and the name of each taxon is followed
accordingly by the month of its collection. Node labels correspond to posterior probability support values (values less than 70% are shown in light gray and those less than
40% are not shown). The branches supporting the IS76 clade are colored in orange. Moroccan taxa are colored according to the region of origin of the corresponding virus
isolates, red for Souss, blue for Mediterranean region and green for Western coast (El Jadida). Node N1 corresponds to the most recent common ancestor of the parental
genome of IS76 and the most closely related TYLCV-IL and node N2 to the most recent common ancestor of recombinants IS76.
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et al., 2002; Garcia-Andres et al., 2006; Davino et al., 2012), they
were also present in Morocco. However, very unexpectedly, the
most frequently detected recombinant, IS76, did not ﬁt the cano-
nical TYLCV/TYLCSV recombination patterns previously deter-
mined. Although IS76 is recombined at the OR—known to be a
recombination host-spot in geminivirus genomes—its second
recombination breakpoint was located at position 76, outside the
nucleotide position range [900; 2400] in which non-OR breaks of
TYLCSV/TYLCV recombinants have been detected previously
(Monci et al., 2002; Garcia-Andres et al., 2006, 2007b; Davino
et al., 2012). Like all previously reported TYLCV/TYLCSV recombi-
nants, the IS76 recombinant fragment on the virion-sense gene
side of OR was inherited from TYLCSV, whereas the recombinant
fragment on the other side of OR was inherited from TYLCV.
According to geminivirus species and strain demarcation thresh-
olds recommended by ICTV for the genus Begomovirus, i.e., 91%
and 94% nucleotide (nt) identity, respectively, between full-length
DNA-A component nucleotide sequences (Brown et al., 2015), IS76
is a “variant” of the IL strain of the species TYLCV. Indeed, due to
the shortness of the genome fragment inherited from TYLCSV, the
genomes of IS76 representatives exhibit more than 97% nucleotide
identity with the genomes of representatives of TYLCV-IL (for
example AM409201, AJ489258). As PCR/restriction tests previously
designed to distinguish TYLCV/TYLCSV recombinants from par-
ental genomes were unsuited to detecting the non-canonical IS76
recombinant (Garcia-Andres et al., 2007b; Davino et al., 2008), it
cannot be excluded that IS76 was also present in Spain and Italy
but was merely not detectable.
4.2. A routine detection test to determine Tylc-associated virus
infection proﬁle
Compared to previous tests, the new PCR protocols designed in
this study not only allowed the identiﬁcation of IS76-like genomes as
TYLCV/TYLCSV recombinants, but also allowed recombinants that
inherited the TYLCV fragment from the two reported Mediterranean
TYLCV strains, IL and Mld, to be distinguished. It revealed that Mor-
occan TYLCV-Mld-derived recombinants are well adapted to bean
(nine positive plants of 41) but not to tomato (0/751), conﬁrming
previous results with TYLCMalV—a TYLCV-Mld derived recombinant
isolated in Southern Spain (Monci et al., 2002); consistently, the two
viral clones isolated from two bean plants (GenBank accession num-
bers LN846611, LN846612) were identiﬁed as representatives of the
species TYLCMalV. Intriguingly, TYLCV-Mld derived recombinants
were apparently frequent on tomato in Italy because two of the nine
Italian samples were positive for Mld/Sar allele at locus OR (Fig. 6B).
Although the test designed here was useful to demonstrate the
importance of IS76 type recombinants, its sensitivity need to be
improved in respect of the detection of the recombinant Sar/Ty allele
at locus 76 which is diagnostic of the IS76 type recombinants. At the
beginning of this study, the primers were highly degenerated to
potentially catch most of the expected IS76 type recombinants
according to the reported diversity of the parental TYLCV and TYLCSV.
Presently, having shown that IS76 recombinants are highly homo-
genous, less-degenerated primers may be used in further tests. Pre-
liminary results showed that among 71 plants from the Souss which
tested negative for the detection of the recombinant Sar/Ty allele at
locus 76 (Tables S1–S4) using the degenerate primers (Table 2), 35
were positive for this allele with non-degenerate primers (results not
shown). The sensitivity increase may also be explained by the mod-
iﬁed annealing temperature which was reduced from 60 °C to 53 °C
with the non-degenerate primers without any loss of speciﬁcity. These
preliminary results further support the dominance of IS76 in
the Souss.4.3. IS76 and Tylc virus symptoms on tolerant cultivars
From about 2010 onwards, plant breeders and farmers in the Souss
noticed that formerly symptomless tolerant cultivars started to exhibit
conspicuous Tylc symptoms. As with cotton leaf curl disease in Paki-
stan, where a resistance-breaking virus was suspected following the
observation of symptoms on resistant cultivars in the early 2000 s
(Amrao et al., 2010), a tolerance-breaking variant was suspected to
have emerged in the Souss, and IS76 was a likely candidate. Indeed, all
the Tylc-associated virus positive samples collected on symptomatic
plants of the tolerant cultivar Pristyla in 2010 and 2012 were positive
for IL/Sar recombinants and most of them were positive for the IS76
type recombinant. However, when the infection proﬁles of sympto-
matic and non-symptomatic plants were compared in further sam-
plings, IS76 was not found to be associated speciﬁcally with sympto-
matic plants; in both groups of plants, 100% of the Tylc-infected plants
were positive for IL/Sar recombinant viruses and most of them were
positive for IS76. The detection of symptomatic tolerant tomato plants
that tested positive only for the parental IL-type allele in the El Jadida
region (Table S8) was also not consistent with the hypothesis of a
tolerance breaking recombinant. A possible synergistic interaction
with criniviruses was tested because these viruses were thought to be
present in the Souss according to supposedly crinivirus-related yel-
lowing symptoms and, most importantly, because criniviruses were
previously reported to have synergistic interactions with viruses of
different genera (Karyeija et al., 2000; Garcia-Cano et al., 2006).
However, unlike the loss of resistance to Tomato Spotted Wilt Virus
(TSWV) reported in resistant tomato plants following their pre-
infection with ToCV (Garcia-Cano et al., 2006), no interaction could
be established between TYLCV and ToCV. It cannot be excluded that
non-symptomatic tolerant plants were detected as virus-positive
merely because they were collected at an early non-symptomatic
stage of infection. The incubation period (time between infection and
symptom exhibition) is at least 14 days in a susceptible cultivar
(Morilla et al., 2004) but, for cultivars containing the tolerance gene
Ty1 reported to impair systemic infection and reduce viral accumu-
lation (Michelson et al., 1994), incubation may be longer. Finally, other
factors, including the intensity of the inoculation pressure and various
environmental conditions may inﬂuence symptom expression.
4.4. Emergence of IS76 and replacement of parental viruses in the
Souss
Unlike the previously reported TYLCV/TYLCSV recombinants of
tomato and bean in Southern Europe, which were always detected in
areas where parental alleles were detected easily and generally at a
relatively high frequency (Monci et al., 2002; Davino et al., 2012;
Mnari-Hattab et al., 2014), in the Souss region of Morocco, parental
alleles were detected in only 7 of the 301 Tylc virus-positive tomato
plants (6 TYLCSV, 1 TYLCV-IL) sampled since 2012 (Fig. 8); all the Tylc-
associated virus-positive tomato plants tested positive for the
recombinant IL/Sar allele at locus OR, including the seven plants
testing positive for the parental alleles. The extremely low frequency
of parental genomes suggests that a highly ﬁt IL/Sar recombinant has
emerged or was introduced in the Souss and has replaced the parental
viral populations. The non-canonical IS76 recombinant, detected for
the ﬁrst time in 2010 in two symptomatic plants of the cultivar Pris-
tyla (farm Sodm), is thought to be this emerging recombinant for the
following reasons. (i) The IS76-type recombinant was not detected
before 2004 but was detected subsequently in most Tylc-associated
virus-positive plants between 2012 and 2014. (ii) The date estimated
for the generation of IS76 with a Bayesian approach is consistent with
its recent emergence. (iii) The typical non-OR breakpoint of IS76
located in the 74–79 position range was conﬁrmed for the 31 samples
selected randomly among the 260 Moroccan samples that tested
positive for the Sar/Ty recombinant allele at locus 76; this means that
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recombinants have a breakpoint located in the typical 74–79 nucleo-
tide position range. (iv) Only two plants were found to be co-infected
with non-IS76 recombinants among the 56 IS76-positive plants
selected randomly from the 2012–2014 samplings for detecting pos-
sible co-infections with non-IS76 recombinants. (v) The full-length
genome sequences of 14 viral clones isolated from IS76 positive plant
samples collected from eight farms throughout Morocco between
2010 and 2014 all exhibited the typical IS76 recombination pattern.
The fact that IS76 was detected after, but not before, 2004
resembles the case of a recombinant betasatellite associated to
Cotton leaf curl disease that was not seen in 112 cotton plants
sampled before 2000 throughout Punjab but was detected after
2000 in 16 of 106 plants, but only in Vehari—one of the sampled
provinces (Amin et al., 2006). Although IS76-type recombinants
were not detected before 2004, the former infection status as
determined on samples collected before 2004 was presumably
conducive to its appearance, and also to the appearance of the
Mld/Sar type recombinants (Fig. 7): (i) the potential parental
viruses were detected (IL, Mld, Sar), (ii) plants exhibiting mixed
infections were frequent, and (iii) recombinant IL/Sar alleles were
PCR-detected in seven of 46 samples. Considering the limited
availability of old samples for this test (46) and their unique
tomato origin, it cannot be excluded that IS76 was already present
in 2003. An intermediate infection pattern probably occurred in
the Souss between 2003 when IS76 was possibly in a pre-
emergent state below the “detection threshold”, and 2012 when
IS76 was dominant in the Tylc-associated virus population.
Whereas this intermediate infection pattern could not be mon-
itored in the Souss, the results obtained from the recent non-Souss
samples are consistent with such a pattern. Indeed, whereas the
IS76-type recombinant was not detected in the 2008 samples, it
was detected in less than 50% of the Tylc-associated virus PCR-
positive samples collected between 2011 and 2013 and in more
than 50% of those collected in 2014 (Fig. 6A). However this 2014
infection pattern was still different from the Souss pattern,
because more than 50% of the IS76-positive plants were co-
infected with parental viruses and/or other recombinant types
(Table S8). As the phylogeny study with the TYLCV inherited
fragment suggests that IS76 recombinant has most likely emerged
in the Souss region, the so-called intermediate infection pattern of
the non-Souss region is consistent with a spread of IS76 out of the
Souss. Interestingly, the sequence of the TYLCSV inherited frag-
ment of IS76 is consistent with a Souss origin of IS76 because the
highest nucleotide identity (98.4%) was detected with the cognate
sequence of a TYLCSV clone isolated from a plant collected in the
Souss in 2002 (AY702650).
A possible outbreak scenario can be deduced from the dynamic of
the infection proﬁles determined with the multiplex PCR tests and
from the BEAST analysis. The recombination event leading to IS76
recombinants most probably occurred in the late 1990 s in the Souss
but such recombinants remained at a very low frequency, at least in
tomato, until 2003. They subsequently increased in frequency until
replacement of the parental viruses was detected in the Souss in 2012
(Fig. 8). IS76 remained the dominant Tylc-associated virus in the Souss
until 2014 (Fig. 5). The IS76 recombinant spread out of Souss in the
2000 s, up to the Mediterranean coast of Morocco where it was
detected in more than 50% of plants collected in 2014. Other sam-
plings will be needed to test if IS76 is present in other countries to
which it may have spread from Morocco or where it might have
emerged independently. Although recombinant viruses associated
with disease outbreaks have sometimes been reported in human,
animal and plant viruses (Amrao et al., 2010; Zhang et al., 2010; Shi
et al., 2013), the dynamics of replacement of parental viruses by a
recombinant virus and its subsequent spread have rarely been mon-
itored as accurately as with recombinant IS76 in the present study.4.5. The emergence of IS76 by positive selection is highly probable
Unlike the north of Morocco where the tomato-growing season is
interrupted by the low temperatures of the winter season, tomato is
grown throughout the year in the Souss region. As the favorite and
most abundant host of Tylc viruses is available throughout the year,
viral populations probably do not undergo severe bottlenecks in the
Souss. It is therefore expected that IS76 emerged by positive selection
rather than by drift. Although IS76 could not be associated to any
particular tomato genotype in our study, it cannot be excluded that
the use of new tomato cultivars, in particular tolerant cultivars, may
have provided a selective advantage to IS76. After 2002, the suscep-
tible tomato cultivars, including the widely used Daniella and Gab-
riella were replaced with cultivars bearing the tolerance gene Ty1.
Interestingly, the shift from susceptible to tolerant cultivars coincides
with the period during which IS76 has passed from low frequency
(below our detection level) to replacement of the parental viruses in
the Souss. Due to the same tolerance gene Ty1, it is likely that the
tolerant cultivars exerted a similar selection pressure on the Tylc-
associated virus populations which led to the dominance of IS76. Thus,
as inferred from the BEAST analysis, IS76 may have been present at
low frequency before 2003, but it was only after 2003 that its fre-
quency increased dramatically due to an environmental change
characterized by the increased use of tolerant cultivars. The selective
hypothesis should be conﬁrmed under controlled conditions by
comparing the ﬁtness of IS76 to that of representatives of potential
parental viruses.5. Genbank accession numbers
TYLCV-IS76[MA;SouG8;10]: LN812978; TYLCV-IS76[MA;SouG12;
10]: LN831187; TYLCV-IS76[MA;SouG2-6;12]: LN846599; TYLCV-I
S76[MA;SouG6-51;12]: LN846601; TYLCV-IS76[MA;SouG6-53;12]:
LN846602; TYLCV-IS76[MA;SouG3;13]: LN846600; TYLCV-IS76
[MA;`SouG65;14]: LN846603; TYLCV-IS76[MA;SouG66;14]: LN84-
6604; TYLCV-IS76[MA;SouG94;14]: LN846605; TYLCV-IS76[MA;
Eja49-23;13]: LN846609; TYLCV-IS76[MA;Nad17-a;14]: LN846606;
TYLCV-IS76[MA;Nad17-c;14]: LN846610; TYLCV-IS76[MA;Nad25-
13;14]: LN846607; TYLCV-IS76[MA;Nad36-9;14]: LN846608;
TYLCV-IL[MA;Sou6-1;2002]: LN846617; TYLCV-IL[MA;Eja16-
6;2003]: LN846616; TYLCV-IL[MA;Eja322;13]: LN846614; TYLCV-
IL[MA;Eja11;13]: LN846613; TYLCV-IL[MA;Nad33;14]: LN846615;
TYLCSV-MA[MA;Saïd22;01]: LN846595; TYLCSV-MA[MA;
Bou8`-1;05]: LN846596; TYLCSV-MA[MA;SlimS15;10]: LN846597;
TYLCSV-ES[MA;Aga5a;12]: LN846598;
TYLCMalV[MA;SouH5;12]: LN846611; TYLCMalV[MA;SouH6-
;12]: LN846612.Acknowledgments
Sanae El Montasir and Zineb Belabess are two PhD students
from “Faculté des Sciences de Meknès”. Zineb Belabess received a
grant from this university and the fellowship of Sanae El Montaser
in CIRAD Montpellier was funded within the program «Projet de
Recherche Agronomique pour le Développement» (PRAD 2011).
The project was supported by Gautier Semence (France), CIRAD
(http://www.cirad.fr/) and ENA Meknès (Morocco).Appendix A. Supplementary material
Supplementary data associated with this article can be found in
the online version at doi:10.1016/j.virol.2015.09.011.
Z. Belabess et al. / Virology 486 (2015) 291–306306References
Accotto, G.P., NavasCastillo, J., Noris, E., Moriones, E., Louro, D., 2000. Typing of
tomato yellow leaf curl viruses in Europe. Eur. J. Plant Pathol. 106, 179–186.
Amin, I., Mansoor, S., Amrao, L., Hussain, M., Irum, S., Zafar, Y., Bull, S.E., Briddon, R.
W., 2006. Mobilisation into cotton and spread of a recombinant cotton leaf curl
disease satellite—brief report. Arch. Virol. 151, 2055–2065.
Amrao, L., Amin, I., Shahid, M.S., Briddon, R.W., Mansoor, S., 2010. Cotton leaf curl
disease in resistant cotton is associated with a single begomovirus that lacks an
intact transcriptional activator protein. Virus Res. 152, 153–163.
Antignus, Y., Cohen, S., 1994. Complete nucleotide sequence of an infectious clone
of a mild isolate of tomato yellow leaf curl virus (TYLCV). Mol. Plant Pathol. 84,
707–712.
Baele, G., Lemey, P., 2013. Bayesian evolutionary model testing in the phyloge-
nomics era: matching model complexity with computational efﬁciency.
Bioinformatics 29, 1970–1979.
Brown, J.K., Zerbini, F.M., Navas-Castillo, J., Moriones, E., Ramos-Sobrinho, R., Silva, J.
C.F., Fiallo-Olive, E., Briddon, R.W., Hernandez-Zepeda, C., Idris, A., Malathi, V.G.,
Martin, D.P., Rivera-Bustamante, R., Ueda, S., Varsani, A., 2015. Revision of
Begomovirus taxonomy based on pairwise sequence comparisons. Arch. Virol.
160, 1593–1619.
Bruen, T.C., Philippe, H., Bryant, D., 2006. A simple and robust statistical test for
detecting the presence of recombination. Genetics 172, 2665–2681.
Darriba, D., Taboada, G.L., Doallo, R., Posada, D., 2012. jModelTest 2: more models,
new heuristics and parallel computing. Nat. Methods 9, 772.
Davino, S., Davino, M., Accotto, G.P., 2008. A single-tube PCR assay for detecting
viruses and their recombinants that cause tomato yellow leaf curl disease in the
Mediterranean basin. J. Virol. Methods 147, 93–98.
Davino, S., Miozzi, L., Panno, S., Rubio, L., Davino, M., Accotto, G.P., 2012. Recom-
bination proﬁles between Tomato yellow leaf curl virus and Tomato yellow leaf
curl Sardinia virus in laboratory and ﬁeld conditions: evolutionary and taxo-
nomic implications. J. Gen. Virol. 93, 2712–2717.
Delatte, H., Martin, D.P., Naze, F., Goldbach, R., Reynaud, B., Peterschmitt, M., Lett, J.
M., 2005. South West Indian Ocean islands tomato begomovirus populations
represent a new major monopartite begomovirus group. J. Gen. Virol. 86,
1533–1542.
Drummond, A.J., Suchard, M.A., Xie, D., Rambaut, A., 2012. Bayesian phylogenetics
with BEAUti and the BEAST 1.7. Mol. Biol. Evol. 29, 1969–1973.
Duffy, S., Holmes, E.C., 2008. Phylogenetic evidence for rapid rates of molecular
evolution in the single-stranded DNA Begomovirus tomato yellow leaf curl
virus. J. Virol. 82, 957–965.
Froissart, R., Roze, D., Uzest, M., Galibert, L., Blanc, S., Michalakis, Y., 2005.
Recombination every day: abundant recombination in a virus during a single
multi-cellular host infection. PLoS Biol. 3, 389–395.
Garcia-Andres, S., Monci, F., Navas-Castillo, J., Moriones, E., 2006. Begomovirus
genetic diversity in the native plant reservoir Solanum nigrum: evidence for the
presence of a new virus species of recombinant nature. Virology 350, 433–442.
Garcia-Andres, S., Accotto, G.P., Navas-Castillo, J., Moriones, E., 2007a. Founder
effect, plant host, and recombination shape the emergent population of bego-
moviruses that cause the tomato yellow leaf curl disease in the Mediterranean
basin. Virology 359, 302–312.
Garcia-Andres, S., Tomas, D.M., Sanchez-Campos, S., Navas-Castillo, J., Moriones, E.,
2007b. Frequent occurrence of recombinants in mixed infections of tomato
yellow leaf curl disease-associated begomoviruses. Virology 365, 210–219.
Garcia-Arenal, F., Fraile, A., Malpica, J.M., 2001. Variability and genetic structure of
plant virus populations. Annu. Rev. Phytopathol. 39, 157–186.
Garcia-Cano, E., Resende, R.O., Fernandez-Munoz, R., Moriones, E., 2006. Synergistic
interaction between Tomato chlorosis virus and Tomato spotted wilt virus
results in breakdown of resistance in tomato. Phytopathology 96, 1263–1269.
Harkins, G.W., Martin, D.P., Duffy, S., Monjane, A.L., Shepherd, D.N., Windram, O.P.,
Owor, B.E., Donaldson, L., van Antwerpen, T., Sayed, R.A., Flett, B., Ramusi, M.,
Rybicki, E.P., Peterschmitt, M., Varsani, A., 2009. Dating the origins of the
maize-adapted strain of maize streak virus, MSV-A. J. Gen. Virol. 90, 3066–3074.
Hughes, D.W., Galau, G., 1988. Preparation fo RNA from cotton leaves and pollen.
Plant Mol. Biol. Rep. 6, 253–257.
Huson, D.H., Bryant, D., 2006. Application of phylogenetic networks in evolutionary
studies. Mol. Biol. Evol. 23, 254–267.
Karyeija, R.F., Kreuze, J.F., Gibson, R.W., Valkonen, J.P.T., 2000. Synergistic interac-
tions of a Potyvirus and a phloem-limited crinivirus in Sweet potato plants.
Virology 269, 26–36.
Lai, M.M.C., 1992. RNA recombination in animal and plant-viruses. Microbiol. Rev.
56, 61–79.
Lefeuvre, P., Lett, J.M., Reynaud, B., Martin, D.P., 2007. Avoidance of protein fold
disruption in natural virus recombinants. PLoS Pathog. 3, 1782–1789.Lefeuvre, P., Martin, D.P., Harkins, G., Lemey, P., Gray, A.J.A., Meredith, S., Lakay, F.,
Monjane, A., Lett, J.M., Varsani, A., Heydarnejad, J., 2010. The spread of tomato
yellow leaf curl virus from the Middle East to the World. Plos Pathog. 6.
Lefeuvre, P., Moriones, E., 2015. Recombination as a motor of host switches and
virus emergence: geminiviruses as case studies. Curr. Opin. Virol. 10, 14–19.
Lole, K.S., Bollinger, R.C., Paranjape, R.S., Gadkari, D., Kulkarni, S.S., Novak, N.G.,
Ingersoll, R., Sheppard, H.W., Ray, S.C., 1999. Full-length human immunodeﬁ-
ciency virus type 1 genomes from subtype C-infected Seroconverters in India,
with evidence of intersubtype recombination. J. Virol. 73, 152–160.
Martin, D.P., Biagini, P., Lefeuvre, P., Golden, M., Roumagnac, P., Varsani, A., 2011a.
Recombination in eukaryotic single stranded DNA viruses. Viruses—Basel 3,
1699–1738.
Martin, D.P., Lefeuvre, P., Varsani, A., Hoareau, M., Semegni, J.Y., Dijoux, B., Vincent,
C., Reynaud, B., Lett, J.M., 2011b. Complex recombination patterns arising dur-
ing geminivirus coinfections preserve and demarcate biologically important
intra-genome interaction networks. Plos Pathog. 7.
Martin, D.P., Lemey, P., Lott, M., Moulton, V., Posada, D., Lefeuvre, P., 2010. RDP3: a
ﬂexible and fast computer program for analyzing recombination. Bioinfor-
matics 26, 2462–2463.
Michelson, I., Zamir, D., Czosnek, H., 1994. Accumulation and translocation of
tomato yellow leaf curl virus (TYLCV) in a Lycopersicon esculentum breeding line
containing the L. chilense TYLCV tolerance gene TY-1. Phytopathology 84,
928–933.
Miller, M.A., Pfeiffer, W., Schwartz, T., 2010. Creating the CIPRES Science Gateway
for inference of large phylogenetic trees. In: Proceedings of the Gateway
Computing Environments Workshop (GCE), 14 Nov. 2010, New Orleans, LA, pp
1–8.
Mnari-Hattab, M., Zammouri, S., Pellegrin, F., Gauthier, N., 2014. Natural occurrence
of begomovirus recombinants associated with Tomato yellow leaf curl disease
co-existing with parental viruses in tomato crops and weeds in Tunisia. J. Plant
Pathol. 96, 195–200.
Monci, F., Navas-Castillo, J., Cenis, J.L., Lacasa, A., Benazoun, A., Moriones, E., 2000.
Spread of Tomato yellow leaf curl virus Sar from the Mediterranean Basin:
presence in the Canary Islands and Morocco. Plant Dis. 84, 490.
Monci, F., Sanchez-Campos, S., Navas-Castillo, J., Moriones, E., 2002. A natural
recombinant between the geminiviruses tomato yellow leaf curl Sardinia virus
and Tomato yellow leaf curl virus exhibits a novel pathogenic phenotype and is
becoming prevalent in Spanish populations. Virology 303, 317–326.
Morilla, G., Krenz, B., Jeske, H., Bejarano, E.R., Wege, C., 2004. Tete a tete of tomato
yellow leaf curl virus and tomato yellow leaf curl Sardinia virus in single nuclei.
J. Virol. 78, 10715–10723.
NavasCastillo, J., SanchezCampos, S., Diaz, J.A., SaezAlonso, E., Moriones, E., 1997.
First report of tomato yellow leaf curl virus is in Spain: coexistence of two
different geminiviruses in the same epidemic outbreak. Plant Dis. 81, 1461.
Orfanidou, C.G., Dimitriou, C., Papayiannis, L.C., Maliogka, V.I., Katis, N.I., 2014.
Epidemiology and genetic diversity of criniviruses associated with tomato
yellows disease in Greece. Virus Res. 186, 120–129.
Padidam, M., Sawyer, S., Fauquet, C.M., 1999. Possible emergence of new gemini-
viruses by frequent recombination. Virology 265, 218–225.
Peterschmitt, M., Granier, M., Aboulama, S., 1999. First report of tomato yellow leaf
curl geminivirus in Morocco. Plant Dis. 83, 1074.
Pita, J.S., Fondong, V.N., Sangare, A., OtimNape, G.W., Ogwal, S., Fauquet, C.M., 2001.
Recombination, pseudorecombination and synergism of geminiviruses are
determinant keys to the epidemic of severe cassava mosaic disease in Uganda. J.
Gen. Virol. 82, 655–665.
Shi, M., Holmes, E.C., Brar, M.S., Leung, F.C.C., 2013. Recombination is associated
with an outbreak of novel highly pathogenic porcine reproductive and
respiratory syndrome viruses in China. J. Virol. 87, 10904–10907.
Tahiri, A., Sekkat, A., Bennani, A., Granier, M., Delvare, G., Peterschmitt, M., 2006.
Distribution of tomato-infecting begomoviruses and Bemisia tabaci biotypes in
Morocco. Ann. Appl. Biol. 149, 175–186.
Tromas, N., Zwart, M.P., Poulain, M., Elena, S.F., 2014. Estimation of the in vivo
recombination rate for a plant RNA virus. J. Gen. Virol. 95, 724–732.
Urbino, C., Gutierrez, S., Antolik, A., Bouazza, N., Doumayrou, J., Granier, M., Martin,
D.P., Peterschmitt, M., 2013. Within-host dynamics of the emergence of tomato
yellow leaf curl virus recombinants. Plos One 8.
Zhang, Y., Zhu, Z., Yang, W.Z., Ren, J., Tan, X.J., Wang, Y., Mao, N.Y., Xu, S.T., Zhu, S.L.,
Cui, A.L., Zhang, Y., Yan, D.M., Li, Q., Dong, X.P., Zhang, J., Zhao, Y.P., Wan, J.F.,
Feng, Z.J., Sun, J.L., Wang, S.W., Li, D.X., Xu, W.B., 2010. An emerging recombi-
nant human enterovirus 71 responsible for the 2008 outbreak of Hand Foot and
Mouth Disease in Fuyang city of China. Virol. J. 7.
Zhou, X., Liu, Y., Calvert, L., Munoz, C., Otim-Nape, G.W., Robinson, D.J., Harrison, B.
D., 1997. Evidence that DNA-A of a geminivirus associated with severe cassava
mosaic disease in Uganda has arisen by interspeciﬁc recombination. J. Gen.
Virol. 78, 2101–2111.
